Reaction of [Mn III (acac) Cl in good yields. These complexes were characterised by spectroscopic techniques, and magnetic measurements showed that in the case of the manganese the metal was reduced during the reaction with the nitrogen ligand.
Introduction
Amorphous silica, alumina and other inorganic oxides have their surface covered by hydroxyl groups, which can be easily functionalised by reaction with appropriate molecules, and have thus found widespread applications as supports for species active in a variety of processes [1, 2] . Properties such as the high specific surface area, mechanical stability, and promotion of well-dispersed active sites, make these supports interesting [2] . The discovery of ordered mesoporous materials in 1992 led to a resurgence in the area of supported reagents [3, 4] , with the emergence of micelle-templated inorganic oxides as promising alternatives [5] . These materials present as additional advantages relative to amorphous silicas, the fact that the ordered mesopores and higher specific surface area may allow higher loadings of supported reagents, improve active site accessibility and allow catalytic reactions to occur in constrained environments (for example, those involving bulky substrate and/or product molecules, in liquid phase) [6] . These materials have been used as hosts for the immobilisation of coordination compounds to be applied in several fields, such as catalysis and photo-or electro-chemistry [7, 8] . Several works concerning the derivatisation of hexagonally ordered mesoporous MCM-41 for catalysis purposes can be found in the literature [9, 10] , offering the advantages of easy recovery and reuse of the catalyst. The application of MCM-41-supported Mo(VI) complexes, prepared by grafting and tethering techniques, as catalysts for olefin epoxidation, has been well documented [11] [12] [13] [14] . The use of these host materials to support magnetically active derivatives of first row transition metals has been less investigated.
Compounds of Mn(II/III) and V(IV) play vital and versatile roles in the redox biochemistry of many organisms [15, 16] . Manganese is the metal centre in enzymes such as catalase, superoxidase and dismutase, while vanadium plays an important role in haloperoxidases, as well as in nitrogenases, and an increased knowledge of their catalytic activity in oxidation processes can only be advantageous. Porphyrin ligands coordinate several metals, such as Fe, Mn and Ni, providing environments close to the biological ones [15, 16] . Simpler bidentate nitrogen donor ligands, as 1,4-diazabutadienes (DAB), are also versatile since their electronic and steric properties may be fine-tuned by changing the nature of the substituent groups.
Both a pure silica and an aluminosilicate MCM-41 were the supports taken by Luan et al. [17] to immobilise 2,2 0 -bipyridine manganese(II) complexes [MnL 2 ] using an impregnation technique. The heterogeneous complexes were effective active sites for oxidation-reduction reactions at low temperature. A Mn(III) complex was also reported as having been immobilised onto the surface of MCM-41 [18] by a tethering approach. First, a functionalised ligand was covalently bound to the surface and then the metal species was directly added to this ligand, forming the complex directly inside the mesoporous material. Several complexes of Mo bearing DAB ligands have been successfully immobilised on the surface of ordered mesoporous silicas by grafting or tethering techniques, for application as catalysts for polymerisation reactions [19] and epoxidation of olefins [14] .
In the present work, the immobilisation of manganese and vanadium complexes bearing 1,4-diazabutadiene ligands on MCM-41 host materials by grafting and tethering techniques, is described. A comparative study of the final hybrid mesostructured materials obtained by the two techniques was carried out, by means of solid-state techniques and determination of magnetic properties. The unsupported complexes were also synthesised and characterised. The catalytic performance of all prepared materials was investigated in the oxidation of cis-cyclooctene with tert-butylhydroperoxide (t-BuOOH).
Experimental section

Materials and methods
Starting materials were obtained from commercial sources and used as received. All preparations and manipulations were carried out using standard Schlenk techniques under nitrogen. Solvents were dried by standard procedures (toluene, methanol, and diethyl ether with Na/benzophenone ketyl; CH 2 Cl 2 with CaH 2 ), distilled under nitrogen and kept over 4 Å molecular sieves. Elemental analysis was performed at the University of Vigo. Powder X-ray diffraction (PXRD) data was collected on a Phillips PW 1710 diffractometer using Cu-Ka radiation. The thermal studies were performed using a TG-DSC 111 from Setaram at a heating rate of 10 K min À1 under nitrogen. 29 Si solid-state NMR spectra were recorded at 79.49 MHz, on a (9.4 T) Bruker Avance 400P spectrometer. 29 Si MAS NMR spectra were recorded with 40°pulses, a spinning rate of 5.0 kHz, and 60 s recycle delays. 29 Si CP MAS NMR spectra were recorded with 4 ls 1 H 90°pulses, 8 ms contact time, a spinning rate of 5 kHz, and 4 s recycle delays. 13 C CP MAS NMR spectra were recorded with a 4.5 ls 1 H 90°pulse, 2 ms contact time, a spinning rate of 7 kHz, and 4 s recycle delays. Chemical shifts are quoted in ppm from TMS. 13 C CP MAS NMR spectra were also recorded in the solid state at 125.76 MHz on a Bruker Avance 500 spectrometer.
TGA studies were performed using a Perkin-Elmer TGA7 thermobalance system at a heating rate of 10 K min À1 under nitrogen. FTIR spectra were measured with a Nicolet 6700 FTIR spectrometer using KBr pellets (for complexes) in transmission mode and also using Diffuse Reflectance (for mesoporous materials). All FTIR spectra were measured using 2 cm À1 resolution. The precursor complexes Mn(acac) 3 [20] and VO(acac) 2 [21] were prepared as described previously.
Purely siliceous MCM-41 was synthesised as reported using [(C 14 H 29 )N(CH 3 ) 3 ]Br (C 14 TMABr) as the templating agent [6] . Before the grafting experiments with MCM-41, physisorbed water was removed from the calcined material by heating at 453 K in vacuum (10 À2 Pa) for 2 h. Ph-DAB-(CH 2 ) 3 R [R = Si(OEt) 3 (1a); H (1b)] ligands were synthesised by a described procedure [14] . 
Preparation of MCM-41-L (4)
A solution of Ph-DAB-(CH 2 ) 3 Si(OEt) 3 29 Si MAS NMR: d = À21.9, À56.0 (bd), À108.5 ppm. 29 Si CP MAS NMR: 29 Si MAS NMR: . 29 Si MAS NMR: d = À58.9 (bd), À109.1 ppm. 29 Si CP MAS NMR:
Preparation of MCM-41-L/VO(acac) (6
d = À50.6 (T 1 ), À57.7 (T 2 ), À67.5 (T 3 ), À98.0, À106.0, À110.3 (sh, Q 4 ) ppm.
DFT calculations
DFT [22] calculations were performed using the Gaussian 03 program, rev. B.04 [23] . Molecular structures based on Cambridge Structural Database (CSD) [24] related structures were fully optimised without any symmetry constraints at the unrestricted B3LYP [25] level with the lanl2dz basis set [26] on Mn and V atoms and 6-31 G * basis set [27] for all the remaining atoms. Frequency calculations were performed at the same level to confirm the nature (minima) of the stationary points determined.
Magnetisation studies
Magnetisation data were collected using a SQUID magnetometer (Quantum Design MPMS) over the temperature range from 2 to 200 K, at applied magnetic fields up to 5.5 T. Besides the paramagnetic signal due to Mn or V ions, a diamagnetic temperature independent contribution was detected in all samples. For each magnetisation versus temperature curve, collected at a certain magnetic field, the diamagnetic fraction was determined from the value of the intercept B in the plot of the magnetic susceptibility v versus inverse temperature (v = C/T + B), in the temperature region where the Curie law is valid, and subtracted from the total magnetic signal. The paramagnetic data were then analysed using the spin-Hamiltonian model, providing information on the concentration of metallic ions, their spin, local symmetry and zero-field splitting parameters. Further details on data collection and fitting procedure can be found in [28] .
Catalytic studies
The liquid phase catalytic oxidations were carried out at 328 K under air (atmospheric pressure) in a reaction vessel equipped with a magnetic stirrer and immersed in a thermostated oil bath. 175 mg MCM-41-supported catalyst plus 7.2 mmol cyclooctene (or 1% molar ratio of free complex/substrate) and a substrate/oxidant molar ratio of 0.65 (tert-butyl hydroperoxide, 5.5 M in decane) were used. The course of the reaction was monitored using a gas chromatograph (Varian 3800) equipped with a capillary column (SPB-5, 20 m · 0.25 mm) and a flame ionisation detector. The products were identified by gas chromatography-mass spectrometry (HP 5890 Series II GC; HP 5970 Series Mass Selective Detector) using He as carrier gas.
Results and discussion
Synthesis and characterisation of the complexes
The triethoxysilyl ligand Ph-DAB-(CH 2 ) 3 Si(OEt) 3 (1a) was prepared by the reaction of benzil [C 6 H 5 (CO) (CO)C 6 H 5 ] with two equivalents of (3-aminopropyl)triethoxysilane [14] . 3 (1a) agree with those reported [14] . The 1 H NMR spectra of complexes 2a and 3a consist of broad signals, consistent with the presence of paramagnetic species, namely V(IV) d 1 and Mn(II) d 5 , and are therefore considerably noisy. It was impossible to collect their 13 C NMR spectra. The 1 H NMR spectra of both complexes 2a and 3a display the signals characteristic of the coordinated ligand 1a, slightly shifted ( Table 1 ). The CH 3 of the ethyl group is shifted to low field, while the signals of all the other protons in complexes 2a and 3a are shifted upfield; there are two signals, assigned to the protons of the acac ligands, at 1.85 and 3.05 ppm (2a) or 2.70 and 4.65 (3a).
A search in the Cambridge Structural Database [24] did not provide any structures of V(IV) and Mn(II) that could be directly compared with those of 2b and 3b (or 2a and 3a), and no crystals suitable for a structure determination could be obtained. Therefore, unrestricted DFT calculations [22] were carried out on complexes 2b and 3b, using the G03 package [23] at the B3LYP [25] level. The reliability of the computational approach was mainly checked by comparing the calculated vibrational spectra, since there is no structure available with exactly the same coordination sphere around V or Mn. For this comparison, complexes of ligand 1b were prepared. The calculated structures are shown in Fig. 1 . The V(IV) complexes bearing acac and dinitrogen ligands available in the CSD are hexacoordinate, which makes comparison trickier, but the V@O bond is similar to that found in the structures with REFCODEs XACPLV01, KOBKUH, and KACROV (1.622, 1.588, 1.597 Å ). In these complexes, the VAN 
Synthesis and characterisation of the functionalised materials
The functionalised materials containing supported complexes were prepared from MCM-41 materials using two different strategies as depicted in Scheme 1.
In the first approach (grafting), treatment of MCM-41 with a solution of [Mn(acac) 2 {Ph-DAB-(CH 2 ) 3 Si(OEt) 3 }] The powder XRD patterns of the pristine calcined MCM-41 starting material agree with reported patterns, indicating well-ordered materials (Fig. 2) [3, 4, 29] . Several distinct Bragg peaks are observed in the range 2h = 2-8°, which can be indexed to hkl reflections for a hexagonal unit cell (using the strongest reflection, d 100 , a = 2d 100 / p 3 = 34.0 Å ). Direct grafting of complexes 2a and 3a resulted in a reduction of the intensity of the diffraction peaks in materials 5 and 6, but several distinct Bragg peaks are still observed, indicating retention of the long-range hexagonal symmetry. The attenuation of the peak intensities should not be interpreted as a loss of order, but to a likely reduction in the X-ray scattering contrast between the silica walls and pore-filling material [30] . On the other hand, grafting of the MCM-41 host material with the triethoxysilyl ligand 1a results in a strong reduction of the intensity of the X-ray diffractions (Fig. 2) . Reaction of the MCM-41-L (4) with the complexes [Mn(acac) 3 ] or [VO(acac) 2 ] further reduces the intensity of the peaks. The tethering method allows an introduction of a very high content of diazabutadiene ligand, with a consequent reduction of the scattering contrast, and the loading of the metal complexes leads to a further decrease. The peak intensity reduction is less significant in 5 and 6 than in 5 0 and 6 0 because of the lower ligand and metals contents in the first two. The material 5 is prepared by pore volume impregnation of the metal complex bearing the diazabutadiene ligand. The complex is far bulkier than ligand 1a and thus may have increased difficulty towards diffusion inside the material pores. The resulting material has thus a much smaller amount of metal than material 5 0 , which was prepared by a stepwise approach. Similar results were found for materials 6 and 6 0 . The FTIR spectra of the parent host material MCM-41 is similar to that of other mesoporous silicious matrices. The bands at 1235 cm À1 and 1087 cm À1 are assigned to the m asymSiAOASi mode of the framework, with the corresponding m sym mode appearing at ca. 800 cm À1 . An absorption at 963 cm À1 is assigned to a d SiAO mode of the SiAOH groups. The treatment of the MCM with ligand 1a led to derivatised material MCM-41-L (4), which exhibits bands at 3090, 2980, 2950 and 2920 cm À1 , assigned to m CAH modes of the ligand, and the band at 1678 cm À1 to the m C@N mode of the ligand. This result suggests that the ligand is indeed immobilised inside the pores of the host material, as previously described [14, 19] . In material 4, it is still possible to assign a very strong band at 1090 cm À1 to the m asymSiAOASi mode of the framework, the corresponding m sym mode appearing at ca. 817 cm À1 . 0 , as described above for complexes 3a and 3b. Indeed, there is a small shoulder at this position, but given its weakness, compared with the intensity of the m asymSiAOASi mode of the framework, the identification remains ambiguous.
For the two materials 5 and 6, the lower amounts of complex combined with the strong bands of the silica framework prevents a detailed assignment of the vibrational spectra, compared to materials 5 0 and 6 0 . The m C@N of the ligand 1a is observed at 1678 cm À1 and 1682 cm Thermogravimetric analyses of the materials 5, 5 0 , 6, 6 0 , and MCM-41-L (4) were carried out. Excluding the mass losses due to water up to ca. 393 K, materials 5 and 6 show smaller mass losses (15% and 16%, respectively), than those found for materials 5 0 and 6 0 (30% and 28%, respectively) above 393 K. As expected, this is in good agreement with results from elemental analysis since the later materials were found to have higher ligand and metal loadings than the former. In addition, materials 5 0 and 6 0 , prepared by the tethering approach, show higher mass losses than material 4 (mass loss of 20% above 393 K). This is indicative that the metallic fragments were successfully introduced inside the mesopores with the formation of the immobilised complexes as shown in Scheme 1.
The MCM-41 starting material showed type IV N 2 adsorption isotherm, typical of mesoporous solids, according to IUPAC classification [31] . The specific surface area (S BET ) and total pore volume (V P ) of pristine MCM-41 are 1046 m 2 g À1 and 0.87 cm 3 g À1 , respectively (Table 2) , and were calculated according with literature data [29, 32] . Similar results were obtained for the V-containing materials (6 and 6 0 ). The isotherms of the modified materials obtained by grafting (5 and 6) showed a lower N 2 uptake, pointing to a decrease in the specific surface area (28% for 5 and 22% for material 6). The height of the capillary condensation step and the p/p 0 coordinate of the inflection point decreased significantly, indicating changes in the pore size distribution, owing to grafting of the internal surface of MCM-41 with the manganese and oxovanadium species, 2a and 3a, respectively. These effects are even more pronounced in the solids prepared by tethering. Reduction in the S BET and V P of 57% and 68%, respectively, are already observed after grafting of the ligand 1a, and S BET and V P further decreased after the inclusion of the metal complexes. In the case of 5 0 and 6 0 , S BET and V P decreased ca. 80% relative to the parent MCM-41 material (Table  2) . These results, together with the powder XRD results, Table 2 Texture parameters taken from N 2 adsorption data collected at 77 K suggest that the complexes were successfully supported on the internal surfaces of the mesoporous silica hosts. Fig. 3 shows the 29 Si MAS and CP MAS NMR spectra for pristine calcined MCM-41, the MCM-41-L (4), and the derivatised materials 5 0 and 6 0 . Unmodified MCM-41 displays two broad convoluted resonances in the 29 Si CP MAS NMR spectrum at À109.2 and À100.8 ppm, assigned, respectively, to Q 4 and Q 3 species of the silica framework [Q n = Si(OSi) n (OH) 4Àn ]. A weak shoulder is also observed at d = À93.8 for the Q 2 species. The Q 3 sites are associated with the single silanols SiAOH (including hydrogen-bonded silanols), and the Q 2 sites correspond to the geminal silanols. Grafting of the triethoxysilane ligand Ph-DAB-(CH 2 ) 3 Si(OEt) 3 (1a) into MCM-41 reduces the Q 3 and Q 2 resonances owing to the silylation of the surface and, concomitantly, increases the Q 4 resonance. This is consistent with esterification of the isolated silanol groups by nucleophilic substitution at the silicon atom in the organic compounds. , respectively, whereas the Q species only present a peak at À108.3 ppm.
The 29 Si MAS and CP MAS NMR spectra (Fig. 3 ) present a significant decrease of the signal to noise ratio. These observations can be related with the presence of paramagnetic nuclei in the materials. The 29 Si NMR spectra for materials 5 and 6 are similar to those of 5 0 and 6 0 . These results show that for both post-synthesis modification techniques, the organosilanes reacted covalently with the silica surface.
The 13 C CP MAS NMR of the functionalised material 4 (not shown) is very similar to that of the free ligand 1a, in agreement with previous results [14, 19] . A decrease in the intensity of the resonances of the SiO-CH 2 CH 3 group at 16.5 ppm (CH 3 ) and 58 ppm (CH 2 ) is observed since the binding of the ligand to the surface of the host material takes place by the hydrolysis of such groups. The quality of the spectra of the metal containing materials 5, 5 0 and 6, 6
0 is poor as a result of the paramagnetism of the complexes, but the position of the peaks can be determined. Thus, for materials 5 0 and 6 0 the peaks observed in the range 0-75 ppm can be assigned to the CH 2 and CH 3 carbons of the propyl chain of the ligand 1a. In particular, in material 6 0 it is possible to assign some peaks, namely those at 9.6 (SiCH 2 ), 127.9 (phenyl-C), and 192.3 ppm (C@O). The signals observed at around 100 ppm can be assigned to the acac ligand. A similar assignment can be carried out for materials 5 and 6.
Magnetic properties
Magnetisation measurements were carried out in powder samples of non-supported complexes [Mn(acac) 2 {Ph-DAB-(CH 2 ) 3 Si(OEt) 3 (6 0 ). The analysis of the data using the spin-Hamiltonian model showed that in all Mn based materials (Fig. 4) , manganese core is in oxidation state II, with a spin 5/2, showing a higher local symmetry than in the starting reagent Mn(acac) 3 , which displays local tetragonal symmetry (Jahn-Teller distortion) and spin 2. Mn concentrations obtained from the fitting procedure were 0.63% and 2.91% for materials 5 and 5 0 , respectively, in good agreement with elemental analysis results (0.7 and 2.9 wt% for 5 and 5 0 , respectively). In the V(IV)-based materials (Fig. 5) , with spin 1/2, such as in VO(acac) 2 , it is not possible to extract unambiguous information on the local symmetry of vanadium atoms from the fitting procedure. Vanadium concentrations obtained from the fitting procedure were 0.93% and 2.06% for 6 and 6 0 , respectively, in reasonably good agreement with elemental analysis results (0.8 and 2.4 wt% for 6 and 6 0 , respectively). The discrepancies observed for the concentration values may be related to the presence of adsorbed molecular oxygen, whose influence is significant for samples with small total magnetic moment. A series of measurements with highly diluted samples (very low concentration of the magnetic moments) are under progress in order to confirm the zero-field splitting parameters obtained, avoiding the presence of surface adsorbed molecular oxygen.
Results from DFT calculations for complexes 2b and 3b are in agreement with the findings described, predicting the spin density to lie essentially on the metal centres.
Catalysis
The manganese-containing materials, 2a, 5 and 5 0 were tested as catalysts in the epoxidation of cis-cyclooctene using tert-butyl hydroperoxide (t-BuOOH) as oxygen donor, at 328 K. The reaction is very sluggish without catalyst or in the presence of MCM-41-L (4), giving a maximum of 5% conversion after 24 h reaction. In the presence of 2a, 5 or 5 0 , 21-27% conversion is achieved at 24 h, under similar reaction conditions (Fig. 6a) . The kinetic profiles obtained for these three catalysts are practically coincident, and they give quite similar initial turnover frequencies (TOF = 1-6 mol Á mol
À1
Mn Á h À1 , Table 3 ). In all cases, as cyclooctene conversion increases selectivity to 1,2-epoxycyclooctane decreases significantly (drops to 50% as conversion tends to 30%) in detriment of the formation of the corresponding 1,2-diol as the by-product (Fig. 6b) . ICP-AES of the solids recovered after the reaction with 5 and 5 0 (by filtration, washing with n-hexane and drying at room temperature) indicated no measurable loss of Mn. 
M h
À1 (M = Mn, Mo) and conversion after 24 h is 22% and 65%, respectively. On the other hand, the Mo catalysts are more selective to the epoxide (100% at ca. 25% conversion) than the Mn ones (ca. 55% at ca. 25% conversion).
The vanadium materials, 3a, 6 and 6 0 were also tested as catalysts in the epoxidation of cyclooctene with t-BuOOH, at 328 K. 1,2-Epoxycyclooctane is the main reaction product formed in more than 98% selectivity at 61% and 83% conversion (at 24 h reaction) in the presence of 6 and 6 0 , respectively (Fig. 6b) . These results are better than those obtained for the Mn catalysts prepared in the present work, [14] .
The initial TOF is practically the same for 6 and 6 0 (148 and 150 mol mol
À1
V h À1 , respectively, Table 3 ). After ca. 15 min, the reaction becomes faster in the presence of 6 0 than of 6, most likely due to the higher metal loading of the former (Fig. 6a) . In the case of the unsupported complex 3a, TOF is significantly lower (63 mol mol À1 V h À1 ) than that of the supported catalysts 6 and 6
0 . This somewhat contrasts with the Mn catalysts in that the unsupported Mn complex 2a possessed similar catalytic activity to that of the supported catalysts 5 and 5 0 . Possibly, partial catalyst deactivation of 3a occurs to a relatively large extent, under the applied oxidising conditions.
The catalyst stability of 6 and 6 0 was examined by recycling the recovered solids (filtered, washed with n-hexane and dried at room temperature). Partial loss of catalytic activity is observed mainly from the first to the second reaction run (Table 3) . Despite the lower initial reaction rate, after 24 h reaction, the conversion is practically the same as that achieved in the first run. These results may be due to changes in the nature of the active species and/or catalyst deactivation. Leaching tests were performed by filtering the reaction mixture at ca. 15 min to separate the solid at the reaction temperature and leaving the solution to react further. After 3 h, the reaction without the solid catalyst proceeded to roughly the same extent as when filtration was not performed (conversion varied less than 5% of that obtained without filtration). ICP-AES of the recovered solids showed no major change of the vanadium content in the case of 6. It is possible that small catalyst particles were not separated by the sintered glass filter used for the leaching experiments. However, changes in the nature of the surface metal species under the applied oxidising conditions cannot be ruled out. These results are comparable to that reported in the literature for MoL-MCM-41, in that no measurable metal leaching is observed [14] . In the case of 6 0 , the V content decreased 36%, suggesting that for this material loss of activity in consecutive runs is, at least in part, attributed to metal leaching under the applied reaction conditions.
Conclusions
The present work has revealed that (a) reaction of In the manganese case, the addition of the neutral bidentate ligand facilitates the reduction of Mn(III) to Mn(II) [33] ; (b) the 1,4-diazabutadiene ligand bearing triethoxysilyl groups is useful for the preparation of catalytically active manganese(II) and oxovanadium(IV) complexes that can be easily heterogenised on silica supports by covalent bonding. Similar materials were synthesised by the tethering method, by linking the bidentate ligand to the silica surface through stable covalent SiAOASi bonds, and further reaction with [Mn(acac) 3 ] and [VO(acac) 2 ]. A higher metal loading was achieved by this method, and the mesoporous regularity was not lost, but the channels seem to be significantly blocked.
The catalytic performance of the unsupported and MCM-41-supported complexes has been investigated in the oxidation of cis-cyclooctene with t-BuOOH. The vanadium catalysts were more active and selective epoxidation catalysts than the corresponding Mn materials, and than the unsupported and MCM-41-supported molybdenum complexes bearing the same L ligand reported in the literature [14] . In the case of the Mn catalysts epoxide selectivity decreases significantly with conversion, and the corresponding 1,2-diol is formed. While the grafting procedure led to lower vanadium content than the tethering method, the grafted material is more stable towards metal leaching, which is an important issue for practical application of heterogeneous catalysts. However, partial loss of catalytic activity in consecutive reaction runs was observed for tethered and grafted catalysts, suggesting that other deactivation phenomena are involved (possibly, changes in the nature of the surface metal species).
